The amygdala's contribution to emotion, cognition and behavior depends on its interactions with subcortical and cortical regions. Amygdala lesions result in altered functional activity in connected regions, but it is not known whether there might be long-term structural sequelae as well. We hypothesized that developmental bilateral amygdala lesions would be associated with specific gray matter morphometric abnormalities in the ventromedial prefrontal cortex (vmPFC), anterior cingulate cortex (ACC) and the ventral visual stream. We conducted regions of interest and vertex-based analyses of structural MRI data acquired in two patients with long-standing focal bilateral amygdala lesions (S.M. and A.P.), compared to gender-and age-matched healthy comparison subjects. Both patients showed significant proportional increases in gray matter volume of the vmPFC. Cortical thickness was increased in the vmPFC and ACC and decreased in the ventral visual stream. There were no morphometric changes in dorsolateral prefrontal cortex or dorsal visual stream cortices. These findings support the hypothesis that cortical regions strongly connected with the amygdala undergo morphometric changes with long-standing amygdala damage. This is the first evidence in humans of the remote alteration of brain morphology in association with amygdala lesions, and will help in interpreting the structural and functional consequences of amygdala pathology in neuropsychiatric disorders.
INTRODUCTION
The amygdala plays a critical modulatory role in a large range of cognitive functions and behaviors, ranging from attention to memory and decision-making, especially for emotionally arousing or socially relevant stimuli. The amygdala accomplishes this role through a vast network of cortical and subcortical connections. Connectivity has been investigated using tracer studies in the monkey and MRI-based techniques such as diffusion tensor imaging (DTI) and blood oxygenation level dependent (BOLD) coherence in humans. [For comprehensive review, see (Aggleton, 2000; Whalen and Phelps, 2009)] .
The ventromedial prefrontal cortex (vmPFC) and anterior cingulate cortex (ACC) have robust amygdala connections (Ghashghaei, Hilgetag, and Barbas, 2007; Morecraft et al., 2007) . These connections are supported in humans by DTI (Cohen et al., 2008; Johansen-Berg et al., 2008) and functional connectivity studies showing correlated amygdala and vmPFC/ACC activity during emotion processing tasks (Cohen et al., 2008; Stein et al., 2007) . Damage to these structures or disruption of the connections between them often leads to deficits in emotion processing with co-occurring impairments in decision making and social behavior (Gaffan et al., 1993; Bechara et al., 2003) . A pattern of reduced structural and functional connectivity is also seen in association with certain genetic polymorphisms (5HTTLPR) that predispose to psychiatric illness (Pezawas et al., 2005) . Notably, projections from the amygdala to the prefrontal cortex are considerably denser to orbital and medial regions, and only very light to dorsolateral and polar regions (Porrino et al., 1981; Amaral and Price, 1984; Barbas and De Olmos, 1990; Carmichael and Price, 1995) , whereas ACC connectivity includes ventral and caudal sectors (Ghashghaei et al., 2007) . This pattern of connectivity motivated one component of our hypothesis: that amygdala lesions should impact the ACC and vmPFC more than dorsal, lateral and anterior sectors of the prefrontal cortex (PFC).
The amygdala also has reciprocal connections with sensory association cortices, particularly with visual cortices in primates (Amaral and Price, 1984) . The higher order ventral visual stream association cortices in the inferior temporal lobe project to the amygdala (Turner et al., 1980) . In turn, the amygdala sends excitatory projections along the entire rostral-caudal extent of the ventral visual stream (Iwai and Yukie, 1987; Amaral et al., 2003; Amaral, 2005, 2006) . This feedback may amplify cortical processing of emotionally salient visual stimuli, such that important objects in the environment are preferentially attended to (Adolphs and Spezio, 2006; Rudrauf et al., 2008) . Functional magnetic resonance imaging (FMRI) studies support this hypothesis by demonstrating enhanced activation of the amygdala co-occurring with the lateral occipital and fusiform cortices when emotional content is visually displayed (Vuilleumier and Driver, 2007) . As with the amygdala's projections to sectors of the prefrontal cortex, there are clear regional differences: the amygdala projects heavily to temporal cortices in the ventral visual stream (concerned with object recognition and memory) (Amaral and Price, 1984; Amaral et al., 2003; Freese and Amaral, 2006) , but there is essentially no connectivity between the amygdala and parietal cortices Amaral, 2000, 2002) (there are no known connections from parietal cortex to the amygdala at all, and only a very light projection reported from the amygdala to parietal area 7; (Amaral and Price, 1984) . While the amygdala's projections to temporal visual cortex are massive ipsilaterally, there is even a fainter contralateral projection as well (Iwai and Yukie, 1987) . This pattern of connectivity with visual cortices motivated the second component of our hypothesis: that amygdala lesions should impact temporal cortices in the ventral visual stream more than parietal cortices in the dorsal visual stream.
The aforementioned anatomical studies have ushered in a new line of investigation that combines the lesion method with functional imaging, showing causal effects of amygdala dysfunction at connected cortical regions. Subjects with bilateral amygdala damage (the participants in the current study) each showed profoundly reduced BOLD activation in the vmPFC while performing a reward learning tasks that normally activates this region (Hampton et al., 2007) . Subjects with unilateral amygdala damage showed a lack of BOLD signal modulation in ventral temporal cortex on the affected side when viewing fearful face stimuli (Vuilleumier et al., 2004) . While these studies document clear functional effects of amygdala damage on distal cortical targets, it remains an open question whether amygdala lesions might also result in long-term structural changes.
Here, we investigated cerebral cortex morphology in subjects with long-standing developmental bilateral amygdala damage. We hypothesized altered cerebral cortex volume and thickness in regions with extensive connections to the amygdala, including the vmPFC, ACC and ventral visual pathway. In contrast, we hypothesized that regions less connected with the amygdala would be structurally within normal limits, including the dorsolateral prefrontal cortex (DL PFC) and dorsal visual stream.
MATERIALS AND METHODS Participants
Two female participants, S.M. and A.P., with rare longstanding, focal bilateral amygdala damage resulting from Urbach-Wiethe disease, participated in the study. Both are right-handed and have normal performance on standard neuropsychological tests of perception, language, memory and IQ that have been reported in detail previously (Buchanan et al., 2009) . They live independently and show no evidence of psychopathology; neither meets criteria for a personality disorder or other psychiatric diagnosis (Buchanan et al., 2009) . S.M. is a 44-year-old woman with a high-school education. She has complete bilateral amygdala damage including some damage to subjacent white matter with minor anterior entorhinal cortex involvement. A.P. is a 23-year-old woman with a college education. She has bilateral amygdala lesions occupying $50% of the amygdala volume without involving surrounding tissue. The hippocampus is unaffected in both subjects. The extent of the amygdala lesions is further demonstrated in Supplementary Figure S1 . More extensive information regarding the demographic, emotional and neuropsychological profiles of S.M. and A.P. as well as images of their brain lesions have been reported elsewhere in detail (Tranel and Hyman, 1990; Adolphs et al., 1994 Adolphs et al., , 1995 Tranel et al., 2006; Hampton et al., 2007; Buchanan et al., 2009) . Given what is known about Urbach-Wiethe disease, it is likely that both patients acquired amygdala lesions sometime in childhood or early adolescence. There is a growing consensus that the amygdala lesions resulting from Urbach-Wiethe disease form around the age of 10 years in most individuals (Aroni et al., 1998; Staut and Naidich, 1998; Appenzeller et al., 2006) . Additional information describing the lesion subjects and the comparison groups is provided in Table 1 . For S.M., we used MRI scans from three separate time points at ages 33, 37 and 42 years. For A.P., we had a single scan available from the age of 19 years. For each of these four target scans, we selected an age-and gender-matched healthy comparison group from a pre-existing database of MRI images collected in the Department of Neurology at the University of Iowa. All data were acquired on the same scanner, and each comparison group was matched to their respective target scan for MR pulse sequence and major hardware/software scanner upgrades. 
MRI acquisition and processing
High-resolution T1-weighted images were acquired for each subject on a 1.5 T GE LX CV/i Signa scanner. A detailed description of the acquisition sequences and data averaging procedure can be found in the Supplementary Material. After manually tracing the brain, the skull-stripped MRI data were preprocessed using BRAINS2 (Brain Research: Analysis of Images, Networks and Systems), a locally developed software program described elsewhere (Magnotta et al., 2002) . The T1-weighted images were spatially standardized by reorienting the horizontal plane to be parallel to the anterior commissure-posterior commissure line and perpendicular to the interhemispheric fissure. Data were resampled to 1.02 mm 3 voxels. The FreeSurfer software package (http:// surfer.nmr.mgh.harvard.edu/), which has been validated and described in detail elsewhere Fischl, Sereno, and Dale, 1999; Fischl, Liu, and Dale, 2001 ) was used to delineate the cortical mantle and parcellate it based on the Desikan-Killiany atlas (Desikan et al., 2006) . In brief, the cortical mantle was determined by segmenting white matter, tessellating the surface representation along the gray-white matter junction, and inflating until the pial surface is approximated. The gray-white matter and the pial surface representations were then refined based on intensity and continuity information using a deformable surface algorithm. For each vertex on the tessellated surfaces, cortical thickness was calculated based on the average of the shortest distance from pial surface to the gray/white surface and vice versa (Fischl and Dale, 2000) . All data were then registered to a common surface-based template using a non-rigid spherical averaging method that aligns cortical folding patterns to match homologous structures . Using a probabilistic labeling algorithm that relies on gyral and sulcal information, the cortex was parcellated into anatomical regions of interest (ROIs) (Fischl et al., 2004; Desikan et al., 2006) and projected back into each subject's native space. Volumetric measures reported in this study were derived from this automated parcellation procedure.
ROIs
The FreeSurfer parcellations were used to derive anatomical ROIs for this study, including: vmPFC, ACC, DLPFC, ventral visual stream and dorsal visual stream. See Figure 1 for anatomical delineation of ROIs. The vmPFC is composed of two regions, the medial orbitofrontal cortex (mOFC) and lateral orbitofrontal cortex (lOFC). The mOFC is composed of the straight gyrus on the OFC surface and a sector of the medial wall of the prefrontal cortex anterior to the cingulate gyrus. The lOFC contains the rest of the OFC, excluding the sector lateral to the lateral orbital sulcus. The ACC includes a rostral and caudal division, (rACC and cACC, respectively). The DL PFC is composed of all parcels that encompass the inferior and middle frontal gyrus. The superior frontal gyrus was excluded from the vmPFC and the DL PFC ROIs because it contains both medial and lateral components. The ventral visual stream includes the lateral occipital, fusiform and inferior temporal regions. The dorsal visual stream includes the inferior and superior parietal cortices along with the lateral occipital region. The anatomical boundaries of these regions and the intraclass correlation coefficient describing the correlation of automated and manual parcellation methods for each region are reported elsewhere (Desikan et al., 2006) . The proportional gray matter volume of the ROIs relative to total cortex volume was computed and used as the dependent measure in regression analyses.
Cortical thickness analysis
Cortical thickness was calculated using FreeSurfer. These thickness measures were smoothed with a 25-mm full-width at half-maximum (FWHM) Gaussian kernel along the contour of the surface, respecting the cortical gyrification. A 15-mm FWHM Gaussian kernal was also used and is presented as Supplementary Material. The smoothed thickness data for each subject were imported into Matlab (http:// www.mathworks.com), projected onto FreeSurfer's template brain, and used in vertex-wise regression analyses. Fig. 1 FreeSurfer ROIs. This figure shows the regions of interest used in the study, including the vmPFC and anterior cingulate cortex in orange/red, the DL PFC in green, the ventral visual stream in blue and the dorsal visual stream in purple.
Statistical analysis
Regression analyses were performed using the ROI volumes or cortical thickness as the dependent measures. For each dependent measure, three separate regression analyses were performed: (i) a combined analysis of A.P. and S.M. with all the comparison subject data; (ii) an analysis of S.M. and her comparison group data; and (iii) an analysis of A.P. and her comparison data. In the combined analysis of S.M. and A.P., separate regressors were used for each subject and control group at each time point, averaging the differences between SM and respective control group data across time points and adjusting the denominator of the test statistic to account for the repeated measures of S.M. The regression model for S.M. and her comparison groups also used separate regressors at each time point. Again, as the three data points for S.M. reflected repeated measures of the same subject, the statistical test between S.M. and her controls entailed averaging the difference between S.M. and control group data across time points and adjusting the denominator of the statistical test to reflect the comparison of a single subject to a group. In the analysis of A.P., reference cell coding was used in the regression model to indicate subject group (lesion or control subject), allowing for independent sample t-tests between A.P. and her control group. Thus, all analyses assumed fixed effects using only within-group between-subject variance of the controls for the residual error estimates of the test statistics. All results were thresholded at P < 0.05, uncorrected. This relatively lenient threshold was decided in advance as there were very specific a priori hypotheses and in consideration of the practical matter that there were only two target subjects, a necessary limitation based on the rarity of isolated bilateral amygdala lesions. To reduce the risk of a type 1 error (falsely positive results) only regional findings that were consistent in S.M. and A.P. individually as well as in the combined analysis were considered positive findings. Moreover, the directionality of the finding had to match in terms of both subjects having either increased or decreased thickness of a given region. There has been considerable discussion in the literature on how best to compare case-studies to a control group, and our approach is justified provided that the mean of the control group is in fact a good estimate of the normal population mean; given our exceptionally large control group sample size, we believe this to be the case. Table 2 displays the volumetric data of a combined analysis comparing S.M. and A.P. to their respective comparison groups along with analyses of S.M. and A.P. individually. S.M.s values reflect the average of the data acquired at three time points. A preliminary analysis examined whether global differences in brain volume existed in the lesion patients as compared to their respective controls. A significant decrease in total brain volume and total cerebral cortex volume was noted in S.M., while A.P. was within the normal range. When total cerebral cortex gray matter volume was taken as a percentage of brain volume, it did not differ from the comparison groups in S.M. or A.P., suggesting that while overall brain volume was decreased in S.M., there was not a disproportionate loss of cerebral cortex tissue. Thus, as is standardly done to account for differences in overall brain size, all regional analyses used the ratio of ROI volume to total cerebral cortex gray matter volume (e.g. vmPFC volume/total cortex volume) for combined and individual analyses.
RESULTS
ROI-based analyses demonstrated a proportional increase in vmPFC volume in a combined analysis of S.M. and A.P. relative to the comparison subjects. S.M. had a significantly higher proportion of cerebral cortex volume occupied by the vmPFC and a significant proportional reduction in ventral visual stream volume. There were no significant volumetric differences observed in A.P. relative to her comparison group. The dorsal visual stream and the DL PFC regions were included as 'control' regions to assess specificity of morphometric sequelae. These regions are sparsely connected to the amygdala and normal morphology was hypothesized. There were no differences between lesion and control subjects for either region that approached significance in the combined or individual analyses. Analysis of the cortical thickness data in a combined analysis of S.M. and A.P. relative to comparison groups revealed a significant increase in cortical thickness in the vmPFC and ACC bilaterally, compatible with our hypothesis. Analysis of individual cortical thickness data showed that S.M. had significantly increased thickness in a small region of the left anterior vmPFC and right anterior cingulate, while A.P. had increased vmPFC thickness bilaterally along with increased left ACC thickness. The combined analysis of S.M. and A.P. also showed decreased cortical thickness in the anteromesial temporal lobe of the ventral visual stream, a region near the amygdala, along with a very small region of right occipital lobe. The anteromesial temporal region was thin bilaterally in S.M. and on the left in A.P. in individual analyses.
A few significant findings were present in one of the subjects or one of the analyses that did not meet the full criteria for a positive finding (present in both subjects individually and in the combined analysis). These occurred in nonhypothesized regions. In the combined analysis this included increased thickness in the superior frontal gyrus bilaterally, left middle and inferior temporal gyrus and right lateral orbital frontal gyrus. Decreased thickness was seen in the superior frontal sulcus. In S.M., increased cortical thickness was seen in the left posterior cingulate, right precuneus, portions of the inferior parietal cortex, bilaterally, left postcentral gyrus and right lateral orbital and prefrontal cortex. Decreased thickness in S.M. was seen in the right superior parietal cortex and right premotor cortex. In A.P. increased cortical thickness included the left DLPFC, left middle and superior temporal gyrus, right superior frontal cortex and right lateral orbital frontal cortex. Decreased cortical thickness was seen in the left precuneus. Refer to Figures 2A-C for cortical thickness results (also see Supplementary Material for the same analysis with a smoothing kernel of 15).
DISCUSSION
The aim of this study was to examine whether long-standing developmental bilateral amygdala lesions were associated with alterations in cerebral cortex morphology in densely connected regions, namely the vmPFC, ACC, and ventral visual stream. Two women with rare bilateral amygdala lesions, S.M. and A.P., were used in the study and MRI data was analyzed relative to matched comparison groups. Compatible with the hypothesis, a combined analysis of S.M. and A.P. showed increased proportional volume of the vmPFC and increased thickness of the vmPFC bilaterally, along with the ACC. Decreased cortical thickness was observed in the anteromesial temporal lobes of the ventral visual stream. Analyzed individually, S.M. showed a significant proportional increase in vmPFC volume. There was increased thickness in the medial PFC (a sector of the vmPFC) and the adjacent ACC. There was a significant decrease in proportional volume and cortical thickness in the anterior ventral visual stream regions. A.P. had a normal volumetric profile with increased vmPFC thickness bilaterally and increased ACC thickness on the left side. There was also a small amount of cortical thinning observed in the anterior ventral visual stream. Of note, spatial correspondence between volumetric and cortical thickness findings in these analyses suggest that the latter, at least in part, may underlie the former.
In general, changes in cortical morphology in S.M. were more robust than in A.P. This included an overall decreased brain size with regionally specific morphological changes in regions consistent with our hypotheses based on amygdala connectivity. We showed that there was not a selective reduction in cortical volume in S.M. and other studies support the notion that differences in overall intracranial volume should not significantly impact measures of cortical thickness (Barnes et al., 2010) . There was no evidence of a more generalized degenerative process in S.M. (e.g. sulcal widening, increased cerebrospinal fluid around the brain) that would cause non-specific diffuse atrophy. We did not find any evidence for a progression in cortical morphological changes in S.M.s scans between the three different time points at which they were acquired, suggesting that, at least within the 12-year span of the scans, the longer duration of S.M.s lesion did not contribute to the larger effects on cortical volume and thickness that we report here. A more plausible explanation for S.M.s larger effects as compared to AP may instead be that S.M.s lesions are considerably more extensive, encompassing the entire amygdala with some cortical involvement in the adjacent entorhinal cortex, whereas A.P.s lesion occupies only about half of the amygdala's volume.
Volumetric and thickness differences were observed in both directions (increase vs decrease). The bi-directionality of our findings are not unexpected considering the developmental nature of the amygdala lesions. Developmental de-afferantation lesions have been noted to be associated with thicker cortex. For instance, the visual cortices are significantly thicker with early-onset blindness relative to control and late-onset blindness groups, presumably secondary to reduced pruning of synapses (Jiang et al., 2009) . The effect that de-afferentation has on cortical thickness likely depends on the maturity of the cortical region in question at the time of lesion onset. In the current study, we cannot specify the time of lesion onset in the two target subjects but amygdala lesions resulting from Urbach-Wiethe disease typically form around the age 10 years in most individuals (Aroni et al., 1998; Staut and Naidich, 1998; Appenzeller et al., 2006) . This makes it likely that at the time of lesion onset the visual cortices had undergone synaptic pruning and achieved adult levels of cortical thickness (Huttenlocher and de Courten, 1987) , whereas the prefrontal cortex may have been relatively immature, with pruning typically occurring later in adolescence (Huttenlocher and Dabholkar, 1997; Shaw et al., 2008) . With these cortical maturation profiles in mind, it would appear that the lesion may have occurred after a critical period of ventral visual stream development and before the same period in the vmPFC/ACC regions. It is also possible that the ACC and vmPFC have greater capacity for structural reorganization and the increased thickness reflects plasticity.
However, previous work with these subjects involving a decision making task suggests that medial prefrontal cortex function is abnormal and so is behavioral performance on the task (Hampton et al., 2007) . This would suggest that compensation, if present, is suboptimal.
Focal lesions selectively involving the amygdala are extremely rare with only a few studies documenting such cases (Adolphs and Tranel, 1999; Siebert et al., 2003; Thornton et al., 2008) . Such cases provide a unique and highly valuable model for research on neuropsychiatric conditions associated with amygdala dysfunction, including: autism, depression, post-traumatic stress disorder, anxiety, psychopathy and schizophrenia, among others. Each of these disorders has been associated with abnormal amygdala volume and altered cerebral cortex morphology. It remains unclear to what extent these structural differences in the cerebral cortex are: (i) primary, and directly related to the underlying mechanisms of the disease; (ii) are located downstream from an aberrant region; or (iii) represent a compensatory process. By demonstrating altered cerebral cortex structure in response to isolated amygdala lesions, the present study underscores the need for future studies of structural differences associated with these disorders to consider on a network perspective. Using structural neuroimaging in combination with the lesion method is one way to begin to understand the dynamic and integrative process of brain development and plasticity following localized brain damage.
It is important to be cautious in drawing conclusions from two subjects, and our ability to work with larger sample sizes is limited by the rarity of such presentations. Lesion studies in animals will be critical to confirm these findings and elaborate details regarding how early-vs late-onset lesions differentially impact cerebral cortex morphology. This work will complement ongoing studies showing altered functional changes in connected cortical regions of rats and monkeys (Gerrits et al., 2006; Machado et al., 2008) . Despite the small sample size, this study provides the first evidence that amygdala lesions in humans impact the morphology of anatomically and functionally connected cortical regions, thus complementing previous work demonstrating altered functional activity in these connected regions.
SUPPLEMENTARY DATA Supplementary data are available at SCAN online.
